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- The MAILING DATE of this communication appears on the cov r sheet with the correspondence address - 


Peri d for Reply 

A SHORTENED STATUTORY PERIOD FOR REPLY IS SET TO EXPIRE 3 MONTH(S) FROM 
THE MAILING DATE OF THIS COMMUNICATION. 

- Extensions of time may be available under the provisions of 37 CFR 1.136(a). In no event, however, may a reply be timely filed 
after SIX (6) MONTHS from the mailing date of this communication. 

- If the period for reply specified above is less than thirty (30) days, a reply within the statutory minimum of thirty (30) days will be considered timely. 

- If NO period for reply is specified above, the maximum statutory period will apply and will expire SIX (6) MONTHS from the mailing date of this communication. 

- Failure to reply within the set or extended period for reply will, by statute, cause the application to become ABANDONED (35 U.S.C. § 133). 

- Any reply received by the Office later than three months after the mailing date of this communication, even if timely filed, may reduce any 
earned patent term adjustment. See 37 CFR 1.704(b). 

Status 

1)D Responsive to communication(s) filed on_. 

2a)D This action is FINAL. 2b)0 This action is non-final. 

3) D Since this application is in condition for allowance except for formal matters, prosecution as to the merits is 

closed in accordance with the practice under Ex parte Quayle, 1935 C.D. 11,453 O.G. 213. 
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4) 0 Claim(s) 1^5 is/are pending in the application. 
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5) 0 Claim(s)_is/are allowed. 

6) 0 Claim(s) 1^5 is/are rejected. 
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Application Papers 
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DETAILED ACTION 


The preliminary amendment filed March 19, 2002 has been entered. 
Claims 1-5 are pending in the instant application. 


Double Patenting 

The nonstatutory double patenting rejection is based on a judicially created doctrine grounded in 
public policy (a policy reflected in the statute) so as to prevent the unjustified or improper timewise 
extension of the "right to exclude" granted by a patent and to prevent possible harassment by multiple 
assignees. See In re Goodman, 11 F.3d 1046, 29 USPQ2d 2010 (Fed. Cir. 1993); In re Longi, 759 
F.2d 887, 225 USPQ 645 (Fed. Cir. 1985); In re Van Ornum, 686 F.2d 937, 214 USPQ 761 (CCPA 
1982); In re Vogel , 422 F.2d 438, 164 USPQ 619 (CCPA 1970);and, In re Thorington, 418 F.2d 528, 163 


USPQ 644 (CCPA 1969). 


A timely filed terminal disclaimer in compliance with 37 CFR 1 321(c) may be used to overcome 
an actual or provisional rejection based on a nonstatutory double patenting ground provided the 
conflicting application or patent is shown to be commonly owned with this application. See 37 
CFR 1.130(b). 


Effective January 1, 1994, a registered attorney or agent of record may sign a terminal disclaimer. 
A terminal disclaimer signed by the assignee must fully comply with 37 CFR 3.73(b). 


Claims 1 and 2 are rejected under the judicially created doctrine of obviousness-type double 
patenting as being unpatentable over claims 1 and 2, respectively, of U S. Patent No. 6,323,391. 

Although the conflicting claims are not identical, they are not patentably distinct from each other because 
the instant claims encompass the claims of the patent. The instant claims read on the mouse claimed in 


the patent. 
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Claim Rejections - 35 USC §112 

The following is a quotation of the first paragraph of 35 U.S.C. 112: 

The specification shall contain a written description of the invention, and of the manner and process of making 
and using it, in such full, clear, concise, and exact terms as to enable any person skilled in the art to which it 
pertains, or with which it is most nearly connected, to make and use the same and shall set forth the best mode 
contemplated by the inventor of carrying out his invention. 

Claims 1-5 are rejected under 35 U.S.C. 112, first paragraph, because the specification, while 


being enabling for a transgenic mouse that expresses a mouse NF-L transgene witn a jo op c-myc insert 
at the end of the coding region under the control of Tn-10 tet operator sequence, as well as a mouse NF-L 
transgene fused to a nucleic acid sequence encoding a reporter gene, such as green fluorescent protein, 
wherein the mouse exhibits motor neuron degeneration manifested by a presence or progression of > 
weakness and paralysis or stunting of growth, and methods of using said mouse, does not reasonably 
provide enablement for a transgenic mouse that expresses any mutant mouse NF-L transgene and 
methods of using such a mouse. 

The specification fails to provide an enabling disclosure for any transgenic mouse of the type 
claimed. The specification teaches only how to use transgenic mice having the desired transgene- 
dependent phenotypic alteration. The mere capability to perform gene transfer in a given species is not 
enabling for the claimed transgenic mice because the desired phenotype cannot be predictably achieved 
simply by introducing a transgene construct of the type recited in the claim. While gene transfer 
techniques are well-developed for a number of species, especially the mouse, methods for achieving the 
desired level of transgene expression in appropriate tissues are less well-established. The introduction of 
DNA into the mammalian genome can ordinarily be achieved most reliably by micro injection or 
retrovirus-mediated gene transfer. However, the state of the art for transgenics is unpredictable because 
the method of gene transfer typically relies on random integration of the transgene construct. Insertional 
inactivation of endogenous genes and position effects (see Wall. 1996. p. 61, paragraph 3) can 
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dramatically influence the phenotype of the resultant transgenic mouse. Integration of the transgene near 
highly active genes or, alternatively, in a transcriptionally inactive region, can influence its level of 
expression. Furthermore, expression of the transgene and the effect of transgene expression on the 
phenotype of the transgenic mouse depends on the particular gene construct used, to an unpredictable 
extent. The particular genetic elements required for appropriate expression varies from species to species. 
Thus, constructs that use heterologous genetic elements will not always confer the desired phenotype in a 
mouse. Wall (1996) reports that our lack of understanding of essential genetic control elements makes it 


difficult to design transgenes with predictable behavior (p. 6i, paragraph 3). inis is especially relevant 


for the use of genetic elements from species in which genetic studies are less advanced than in the mouse. 
Thus, the species-specific requirements for transgene design introduces an additional level of 
unpredictability associated with the development of transgenic mice. Even differences in the genetic 
background of transgenic mice can have an unpredictable effect on phenotype (Sigmund, 2000). 
Doetschman (1999) points out "(o]ne often hears the comment that genetically engineered mice, 
especially knockout mice, are not useful because they frequently do not y ield the expected phenotype, or 
they don’t seem to have any phenotype. These expectations are often based on years of work, and in 
some instances, thousands of publications of mostly in vitro studies” (page 137, column 1. paragraph 1). 
In the absence of specific guidance, the production of a transgene-dependent phenotypic alteration 
resulting from the introduction of a nucleic acid construct as recited in the claim, is unpredictable. The 
phenotype depends on the particular transgene construct used, to an unpredictable extent. In the absence 
of specific guidance, one skilled in the art would not know how to use a transgenic mouse that does not 
exhibit the specific transgene-dependent phenoty pe disclosed in the instant specification, without undue 
experimentation. In view of the limited guidance in the specification, the limited working examples 
directed to transgenic mice having a specific phenotype, and the unpredictability in the art, one skilled in 
the art would have been required to engage in undue experimentation in order to make and use the full 
scope of the claimed transgenic mice. 
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Conclusion 


No claim is allowable. 


Any inquiry concerning this communication or earlier communications from the examiner should 
be directed to Anne-Marie Falk whose telephone number is (703) 306-9155. The examiner can normally 
be reached Monday through Thursday and alternate Fridays from 10:00 AM to 7:30 PM. 

If attempts to reach the examiner by telephone are unsuccessful, the examiner's supervisor, 
Deborah Reynolds, can be reached on (703) 305-4051. The fax phone number for the organization where 
this application or proceeding is assigned is (703) 872-9306. 

Questions of formal matters can be directed to the patent analyst, Kay Pinkney, whose telephone 
number is (703) 305-3553. 

Any inquiry of a general nature or relating to the status of this application or proceeding should 
be directed to the receptionist whose telephone number is (703) 308-0196. 

Anne-Marie Falk, Ph.D. 
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Interpretation of Phenotype in 
Genetically Engineered Mice, 


Thomas'Doetschman 


Background and Purpose: In mice, genetic engineering involves two general approaches—addition of an ex¬ 
ogenous gene, resulting in transgenic mice, and use of knockout mice, which have a targeted mutation of an 
endogenous gene. The advantages of these approaches is that questions can be asked about the function of a 
particular gene in a living mammalian organism, taking into account interactions among cells, tissues, and 
organs under normal, disease, injury, and stress situations. 

Methods: Review of the literature concentrating principally on knockout mice and questions of unexpected 
phenotypes, lack of phenotype, redundancy, and effect of genetic background on phenotype will be discussed. 

Conclusion: There is little gene redundancy in mammals; knockout phenotypes exist even if none are imme¬ 
diately apparent; and investigating phenotypes in colonies of mixed genetic background may reveal not only 
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ing the phenotype and to discovery of modifier gene(s). 


One often hears the comment that genetically engineered 
mice, especially knockout mice, are not useful because they 
frequently do not yield the expected phenotype, or they don’t 
seem to have any phenotype. These expectations are often 
based on years of work, and in some instances, thousands of 
publications of mostly in vitro studies. Examples of unex¬ 
pected phenotypes, based largely on experience with trans¬ 
forming growth factor beta ( Tgfb ) and basic fibroblast 
growth factor ( Fgf2 ) knockout and transgenic mice, will be 
presented to discuss possible reasons for unexpected knock¬ 
out phenotypes. The conclusions will be that the knockout 
phenotypes do, in fact, provide accurate information con¬ 
cerning gene function, that we should let the unexpected 
phenotypes lead us to the specific cell, tissue, organ culture, 
and whole animal experiments that are relevant to the func¬ 
tion of the genes in question, and that the absence of pheno¬ 
type indicates that we have not discovered where or how to 
look for a phenotype. 

Before entering into how one should interpret unexpected 
knockout phenotypes and how one should deal with lack of 
knockout phenotypes, it is necessary to give a brief introduc¬ 
tion into how knockout mice are made. For detailed informa¬ 
tion, the following reviews are suggested (1—4). Transgenic 
technology has had a long history; thus, an introduction to 
that technology will not be given here. Rather, the following 
reviews are suggested (5, 6). At this juncture, it should be 
noted that, although transgenic vertebrates ranging from 
fish to bovids have been produced, knockout technology has 


r - 

•Department of Molecular Genetic;}. Biochemistry and Microbiology. Uni¬ 
versity of Cincinnati College of Medicine. Cincinnati. Ohio 


to date been successful only in mice, even though embryonic 
stem (ES) cells have been produced from several other spe¬ 
cies, including hamster (7), rat (8), rabbit (9, 10), pig (11-13/, 
bovine (14, 15), and zebrafish (16). Consequently, the entire 
discussion will be focused on mice. 

Knockout mice are generated by the injection of geneti¬ 
cally engineered or gene-targeted ES cells into a mouse blas¬ 
tocyst to generate a chimeric embryo, which in turn can pass 
on the engineered gene to its offspring. ES cell lines are es¬ 
tablished from the inner cell mass of a mouse blastocyst, so 
that when injected into blastocysts, the ES cells can incor¬ 
porate into the inner cell mass of the recipient blastocysts, 
thereby chimerizing them. Subsequent to transfer of the chi¬ 
meric blastocysts into uteri of pseudopregnant mice, chi¬ 
meric mice are born. If the germline of a chimeric mouse is 
colonized by cells derived from the injected ES cells, the chi¬ 
mera is termed a *‘germline ? ’ chimera. Some of the offspring 
of the germline chimeras will then carry the engineered 
gene in their genomes. Gene targeting in ES cells uses the 
ES cells’ DNA repair apparatus to bring about homologous 
recombination between an exogenous DXA fragment trans¬ 
fected into the ES cell and its homologous region in the ge¬ 
nome. Homologous recombination usually results in 
replacement of the endogenous region with the exogenous 
fragment, thereby altering the endogenous gene in a 
prespecified manner. There are many variations on this pro¬ 
cedure by which genes can be altered not only to ablate func¬ 
tion, but also to make more subtle mutations (17-19). Such 
procedures can be used to introduce point mutations, re¬ 
move specific splicing products, switch isoforms, and human¬ 
ize genes. In addition, technology has recently been 
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developed to make conditional and inducible knockouts in 
which gene function is ablated either in a developmentally 
specified tissue (20-22) or in an inducible manner (23-26). 
These techniques, though exciting, will not be further dis¬ 
cussed. 

Extensive nonredundancy in the TGFp family: Sev¬ 
eral thousand cell culture studies on the three mammalian 
transforming growth factor beta proteins (TGF^s 1, 2, and 3) 
have implicated these growth and differentiation factors in 
the function of nearly every cell type studied. Expression 
studies indicated unique and overlapping expression of the 
three TGFps (27, 28). For example, overlapping protein local¬ 
ization was found in all gut epithelia, all layers of the skin, all 
three muscle types, kidney tubules, lung bronchi, cartilage, and 
bone (Table 1). Together with the fact that all three TGFps sig¬ 
nal through a common TGF type-II receptor (Figure 1), these 
data strongly suggest considerable redundancy in function. 
Consequently, it is surprising that, of the >30 phenotypes of the 
three Tgfb knockout mice that we have described (29-31), none 
appear to be overlapping (Table 2). These results indicate ex¬ 
tensive nonredundancy between TGFp ligands even though 
there is considerable overlap in expression. Of course, these re¬ 
sults do not rule out the possibility of some redundancy in some 
tissues. Combination of the ligand knockouts would uncover 
such situations, and it is likely that a few will exist, but 30 non- 
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that a vast number of their functions are not redundant. 

There are several possible explanations for how there can 
be so much overlap in ligand expression and yet so much 
specific ligand function. First, TGFps are secreted as latent 
peptides and must be activated before they can bind recep¬ 
tors (32-35). The mechanism by which this extracellular 
processing occurs is not well understood and may be differ¬ 
ent for each TGFp. Hence, ligand processing presumably de¬ 
termines some functional specificity for the three TGFps. 
Second, there is a third type of TGFp receptor, TGFpR3, that 
can interact with ligand and receptor types I and II before 
cytoplasmic signaling can occur, though involvement of 
TGFpR3 is not essential for signaling (36-38). Association 
with type III receptors is thought to enhance some TGFpRl 
and 2/ligand interactions. Upon ligand binding, the serine/ 
threonine receptor TGFpR2 then associates with and phos- 
phorylates the transmembrane serine/threonine receptor 
TGFpRl, which in turn initiates a phosphorylation-medi¬ 
ated signaling cascade. Hence, combinatorial receptor/ligand ' 
interactions will also determine functional specificity. Third, 
signaling from TGFpRl can occur through two cytoplasmic 
signaling proteins called SMAD2 and 3 (39, 40) and, per¬ 
haps, through a third called SMAD5 (41). In addition. 
SMAD6 and 7 can also interact with the other SMADs to in¬ 
hibit signaling (42-44). Hcncc, differential SMAD protein 
interactions with transcriptional machinery will probably 
also determine functional specificity for the three TGFp 
ligands. Finally, there may be several non-transcriptional 
signaling pathways for TGFps. For example, we have found 
that TGFp 1-deficient platelets from Tgfbl knockout mice 
have impaired platelet aggregation that can be restored by 
incubating isolated platelets with recombinant TGFpi (un¬ 
published observations). Because platelets do not have a 
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Table 1. Protein expression of transforming growth factor beta (TGFp) 
_ 1, 2, and 3 _ 

Tissue/cell type _ TGFftl _ TGFp2 _ TGFP3 _ 

Cartilage 


Perichondrium 

+++ 

+ 

++ 

Chondrocytes 

+ 

++ 

++ 

Bnne 




Periosteum 

++ 

- 

+ 

Osteocytes 


++ 

++ ++ 

Tooth 




Amelobhists 

-4- 

- 

+ 

Odontoblasts 

- 

++ 

* 

Pulp 

+ 

+++ 

+ 

Muscle 




Smooth 

+ 


++ 

Cardiac 

+ 

+ 

+++ 

Skeletal 

+ 

++ 


Lung 




Bronchi 

+ + 

++ 

++ 

Alveoli 

- 

- 

- 

Blood vessels 




Endothelium 

- 

- 

++ 

Smooth muscle 

+ 


+++ 

Kidney 




Tubules 

++ 

++ 


Basement membrane 

* 

+++ 

- 

Adrenal 




Cortex 

+++ 

4 + + 

- 

Medulla 

- 

- 

* 

Gut 




Esophageal epithelium 

+ + + 

+ 

+ 

Gastric epithelium 

+ + + 

+ 

+ 

Inteslinal epithelium 


+ 


Basement membrane 

- 

+ + + 

- 


• 

■. 


Liver 




Capsule 

- 

- 

++ 

Parenchyma 

- 

* 

- 

Megakaryocytes 

+ 

- 

++ 

Eye 




Lens epithelium 

- 

- 

- 

Lens fibers 

+++ 

+ 

+ 

Ear 




Cochlear epithelium 

- 

+ 

+++ 

Basement membrane 

- 

4 - 4 - +■ 

^ * 

CNS 




Meninges 

+ 

+ + + 

+ 

Glia 

* 



Choroid plexus 

- 

- 

++ 

Skin 




Periderm 

+ + 


++ 

Epidermis 

+++ 

+++ 

+++ 

Dermis 

+ 

+++ 


Hair follicles 

++ 

++ 

+ 

The polyclonal antibodies used were specific for residues 4—19 of TGFp 1 

and 2 and residues 9-20 of TGFp3. The avidin-biotin system was used 

for staining. Data obtained from immunohistochemical 

study of Pelton 

ctal. (28;. Reproduced from The Journal of Cell Biology , 1991,115:1091- 

1105. by copyright permission of The Rockefeller Univ 

ersity Press. 

nucleus, there must 

exist a 

signaling pathway that is 

nontranscriptional. In summary, given the complexities of 


ligand processing, receptor interactions, and signaling path¬ 
ways, it becomes clear why redundancy in TGFl, 2, and 3 
function has not been detected at the whole animal level, 
even though there is considerable overlap in expression of 
Tgfb gene family members. Consequently, if other gene fami¬ 
lies function with similar complexity, it is likely that, in the 
final analysis, little functional redundancy will be found 
within gene families. 

Two striking examples of apparent functional redundancy 
are worth considering. The first involves myogenic genes, 
and the second involves retinoic acid receptors. Contrary to 
early interpretations, redundancy does not now appear to be 
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Additional Transcription 
Factor Targets 



Extracellular Matrix Genes 
Cel! Cycle Genes 
Differentiation Genes 
Growth Factor Receptor Genes 


Figure 1 . TGFp signaling pathway. The TGFp ligands, TGFpl (pi), TGF 02 ((32), and TGF(33 ((33), exist primarily in a latent form in vivo 
and are activated by mechanisms not yet clear. In general, TGF(32 interacts with a TGF(3 type 111 receptor (Kill) before interaction with 
TGFp type II (R1I) and TGF(3 type I (RI) receptors; whereas, the TGFpi and TGF(33 ligands can interact directly with the type II receptor. 
The ligand receptor complexes can then associate with several cytoplasmic molecules, famesyl protein transferase (FPT) and FK 0 O 6 
binding protein -12 (FKBP-12), being two potential examples. The receptor-ligand complex signals to the nucleus through threonine/ 
serine phosphorylation of a series of SMAD proteins (related to the Drosophila “mothers against decapentaplegic” protein) which then 
elicit transciptional regulation of extaccllular matrix, cell cycle, differentiation and growth factor receptor genes. The roles of the associ¬ 
ated cytoplasmic molecules FPT and FKBP-12 are not clear but are thought to involve RAS pathway signaling and modulation of signal¬ 


ing through the SMAD proteins. 

the case for two of the myogenic genes known to be essential 
for specification of vertebrate skeletal muscle. Myod and 
Myf5. Even though the individual knockouts have muscle, 
and only the combined knockouts do not have muscle (45), it 
is now clear that each gene functions in the specification of 
distinct muscle cell lineages. Consequently, in the absence of 
one source of muscle cells, the other source may compensate 
for that (46, 47). This should be termed developmental com¬ 
pensation, rather than gene redundancy. On the other hand, 
with respect to retinoic acid receptors, there is also good evi¬ 
dence for functional redundancy. Similar to the myogenic 
genes, retinoic acid receptor gene knockout mice have few 
phenotypes, whereas the combined knockouts have many 
phenotypes (48. 49). Whether this turns out lo be gene re¬ 
dundancy or another case of developmental compensation 
remains to be determined. 


Lack of phenotype: As is the case for TGFp, there also is 
a multitude of reports indicating that the FGFs 1 and 2 have 
important roles in numerous cell types and tissues. Conse¬ 
quently, when the Fgf2 gene was knocked out by gene tar¬ 
geting, it was quite surprising that there was no obvious 
phenotype (501. The Fgp2 J ' animals live a long, healthy life, 
and fertility and fecundity are normal. Even the pituitary 
gland, which is the best source of FGF2, appears not to have 
morphologic defects. The only evidence for any developmen¬ 
tal abnormalities is found in hematopoiesis (50 >. where 
blood platelet counts are high, and in the cerebral cortex (51, 
52). where morphometric analysis reveals decreased cell 
density. Clearly, these abnormalities are minor, compared 
with expectations. This was all the more evident because our 
transgenic mice, in which the human FGF2 gene was ubiq¬ 
uitously ove rex pressed by the phosphogiycerate kinase pro- 
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Table 2. Nonoverlapping phenotypes ot Tgfbl, 2, and 3 knockout mice 
and the penetrance of thoae phenotypes 



50 

50 

50 b 

50 

100 * 

100‘ d 

100« d 

100' d 

100 

94 

19 

25 

100 

100 

100 

30 

20 

40 

100 

20 

20 

100 

100 

100 

100 


Tgfbl 

Embryo lethalities 

Preimplantation lethality 
Yolk sac lethality 
Adult phenotypes 
Multifocal autoimmunity 
Platelet defect 
Colon cancer 
Failing heart 

Tgfb2 (all perinatal lethalities! 

Heart defects 

Ventricular septum defects 
Dual outlet right ventricle 
Dual inlet left ventricle 
Inner ear defect—lacks spiral limbus 
Eyes 

Ocular hypercellularity 
Reduced corneal stroma 
Urogenital defects in kidney 
Dilated renal pelvis 
Agenesis (females only) 

Uterine horn ectopia 
Testicular ectopia 
Testis hypoplasia 
Vas deferens dysgenesis 
Lung-postnatal 
Dilated conducting airways 
Collapsed bronchioles 
Skeletal defects 
Occipital bone 
Parietal bone 

QrtMrt w^h, L* . . 

rulatine bone (cleft palate) 

Alisphenoid bone 
Mandibular defects 
Short radius and ulna 

Missing deltoid tuberosity and third trochanter 
Sternum malformations 
Rib barreling 
Rib fusions 
Spina bifida 

Tgfb3 (perinatal lethality) 

Cleft palate _ 

■See Table 3 for background dependency of Tgfbl knockout phenotypes 
described in references 64, 67. pmmocypes. 

Jinn'll rr? 1Lage penetrance animals that survive to birth 

Unpublished observations. 

rrences 29-31 r g™ ining P hcn °types can be found in the text and in ref- 

f lad ve, y short legs, suggesting an important role 
ot MjI- 2 in bone development, yet the bones of the knockout 
animals were normal. This apparent discrepancy between 
the transgenic and knockout mice indicates that some other 
FGF signals through the same FGF receptor as does FGF2, 
and that this other FGF is the true ligand that is important 
in bone development. Another possibility is that there is “de¬ 
velopmental compensation” by alternative mechanisms Tn 
other words, the absence of FGF2 may cause developmental 
abnormalities during bone development that are then com¬ 
pensated for by another developmental pathway. This alter¬ 
native would not necessarily require a different FGF to be 
involved. 

Alter we had made our first analysis o(tho Fgf2 knockout 
mouse and did not find an obvious phenotype, it was easy to 
explain the “lack of phenotype” by invoking redundancy be¬ 
cause there are at least 18 known Fgf gene s. But in hind¬ 
sight, it now appears more likely that all members of this 
large gene family have specific functions, even though tliev 

140 


22 

100 

100 

100 

94 

25 

94 

13 

100 

100 


signal through receptors encoded by only four receptor genes 
(54). In Fgf2 knockout mice, evidence was not found for up- 
regulation of the two ligands most structurally related to 
FGF2, namely, FGFs 1 and 5 (50). Also, genetic combination 
of Fgf2 and Fgf5 (50) did not reveal redundancy between 
these similar genes. In addition, further analysis of the 
mice revealed roles being played in hematopoiesis and 
vascular tone control (50) as well as in brain development 
and wound healing (51, 52). Finally, in addition to Fgf2, 
Fgfs 3-5, 7, 8 also have been ablated by gene targeting re¬ 
vealing functions in proliferation of the inner cell mass 
( gf4) (55), gastrulation and cardiac, craniofacial, fore¬ 
brain, midbrain, and cerebellar development ( Fgf8 ) (56)* 
brain and inner ear development (Fgf 3) (57, 58); and two 
aspects of hair development (Fgfb and 7) (59, 60). 7b date, 
comparison of Fgfknockout phenotypes from 6 of the 18 
Fgf genes has not turned up overlap except possibly in the 
cerebellum. Tbgether, these results indicate that each 
gene has important unique functions. Although a few re¬ 
dundant functions may eventually be found on combina¬ 
tion o(Fgf2 with all other Fgfs except Fgf5, it is clear that 
6 of the 18 Fgf genes studied by gene targeting have been 
associated with essentially unique knockout phenotypes. 

'Ibsummarize, what originally appeared as “lack of pheno¬ 
type led many of us to the premature conclusion that other 

ilia f*l I* M a»b • i” , i * * 
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However, further analysis of Fgf2 knockout mice has since 
revealed a wealth of unique functions ranging from thromb¬ 
ocytosis and vascular tone control (50) to brain development 
and wound healing (51, 52). It is my expectation that further 
physiologic analysis of the Fgf2 knockout mouse will reveal 
functions in the hypertrophic response to hypertension and 
responses to ischemia/reperfusion injury and bone injury. In 
the final analysis, it is likely that the major roles of FGF2 . 
may have less to do with getting us to birth than with keep- '* 
mg us alive after birth, whereas several other FGFs clearly 
have developmental roles. 

Effects of genetic background on phenotypic varia¬ 
tion: From 100 years of mouse genetics, it has become clear 
that genetic background plays ail important role in the sus¬ 
ceptibility of mice to many disorders. Therefore, the pheno¬ 
types of knockout mouse strains will also have genetic 
background dependencies, as was first documented^bv the 
Magnuson and Wagner groups (61, 62). The Tgfbl knockout 
mice are an exceptional case in point (Table 3). On a mixed 
(o0:50) 129 x CF1 background (CFI. is a partially outbred 
strain), about half of Tgfbl knockout mice die from a preira- 
plantation developmental defect (63), and the other half die. 
of an autoimmune-like multifocal inflammatory disease at 
about weaning age (29). If the targeted Tgfbl allele is back- 
crossed onto a C57BL/6 background, 99% of all knockout 
animals die of the preimplantation defect(63). However, if a 
Tgfbl knockout allele is put onto a mixed 129 x NIH/Ola x 
C57BL/6 background, embryo lethality is observed during 
yolk sac development, not during preimplantation develop¬ 
ment (64). With respect to the multifocal inflammatory dis¬ 
order of Tgfbl knockout mice, if the targeted allele is put 
onto a 129 x CFl mixed background (50:50!, severe inflam¬ 
mation exists only in the stomach (29;: on the mixed 129 x 
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Phenotype _ 

Preiroplantation lethality 
Yolk sac lethality" 
Autoimmune disease 
Gastric inflammation 
Intestinal inflammation 
Colon cancer*_ 


Table 3. Background dependency of Tgfbl knockout phenotypes 


Phenotype penetrance on various strains (%> 

129 x CFl 

129 x C57 

129 x C3H 

C57 

129 

C3H 129xC57x NIH/Ola 

50 

ND 

ND 

99 

ND 

ND 

0 

0 

0 

ND 

ND 

ND 

ND 

50 

50 

60 

50 

1 

ND 

ND 

50 

90“ 

20“ 

ND 

ND 

ND 

ND 

ND 

0 

70“ 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

ND 

100 

0 

ND 


Percentage of knockout animals of u given strain that have the designated phenotype. 

■For details, see references 64, 67. 

k Approximately 10% of animals with autoimmune disease have no detectable gastrointestinal tract inflammation. 
‘Unpublished observations. 

ND = not determined. 


NIH/Ola ic C57BL/6 background, the intestines are more se¬ 
verely inflamed than is the stomach (65). Finally, on a pre¬ 
dominantly 129 background (129 x CFl; “97:3), Tgfbl 
knockout mice develop colon cancer if the inflammatory dis¬ 
order can be eliminated by other genetic manipulations that 
render the mice immunodeficient (unpublished observa¬ 
tions). However, on a predominantly C3H background, im- 
raunodeficient Tgfbl knockout mice do not develop colon 
cancer (66). These results suggest that modifier genes exist 
that can significantly affect the function of TGFpi in preim¬ 
plantation development, yolk sac development, bowel and 
gastric inflammation, and colon tumor suppression. 
Progress toward localizing a modifier gene for the yolk sac 
Hfivelnnmental nroblem has been made (67). 

what is the best genetic background ror knockout 
mice? Because background-dependent phenotypic variabil¬ 
ity will likely be found for most knockout mice, it will be use¬ 
ful to backcross a targeted allele onto several mouse 
backgrounds to make congenic strains. In this section, it will 
be argued that putting a targeted allele on a mixed strain 
background will also provide useful information. This is not 
to say that congenic strains are not useful. Rather, the point 
to be made here is that there also are benefits to looking at 
mixed strain backgrounds. Again, our experience with Tgfb 
knockout mice will be instructive. 

Generating homozygous mutant knockout animals on a 
mixed genetic background is faster . The ES cells are nearly 
always from a 129 strain, and the blastocysts into which the 
targeted ES cells are injected are nearly always C57BL/6. 
For reasons unknown, this is a good combination for estab¬ 
lishing germline transmission of the injected ES cells. The 
resulting chimeras can then be crossed with any strain de¬ 
sired, but 129, C57BL/6, or Black Swiss mice are most often 
used, and CF1 mice were used in the case of our Tgfbl 
knockout mice. Heterozygous offspring from this crossing 
will then be inbred 129 or FI hybrids of 129 and one of the 
other strains. Clearly then, the quickest route to having the 
knockout allele on an inbred strain is through 129. For the 
other strains several generations of backcrossing is re¬ 
quired, which can take well over a year. Unfortunately, 
strain-129 mice have low fertility and fecundity. Conse¬ 
quently, the number of offspring per litter is usually fewer 
than six. Although 129 x C57BL/6 hybrids are more robust, 
upon backcrossing onto C57BL/6, litter size decreases. Tb 
the contrary, the Black Swiss and CFl strains are robust, 
and litter size often is in excess of 12. The reason for this is 
probably because they are not truly inbred strains, but 


rather are partially outbred through random breeding 
within their respective strains. Therefore, one of the choices 
one has is to stay with “pure” genetics at the expense of a 
lower production rate and considerable delay before genera¬ 
tion of experimental animals, or sacrifice some genetic pu¬ 
rity to obtain a more efficient production colony. Ideally, one 
would want to do both, but this often is too expensive. 

Mixed genetic background knockout mice often have a 
wider range of phenotypes. The Tgfbl knockout mice back- 
crossed onto either the 129 or C57BL/6 background 
(congenics) yield only embryo lethality (63, unpublished ob¬ 
servations). On the other hand, when the knockout allele is 
maintained on mixed genetic backgrounds, embryo and 
adult phenotypes are maintained. 

The Tgjbz Tgfb'S knockout mice provide iurtrier ex¬ 
amples. The Tgfb2 knockout mice have more than two dozen 
congenital defects and die either immediately preceding or 
during birth, or within 2 h thereafter (30). Thble 2 indicates 
that most of the phenotypes are only partially penetrant. 
Though it is not documented, it is likely that the penetrance 
of some of these phenotypes would increase to nearly 100%, 
and some of the other phenotypes w ould disappear were we 
to put the Tgfb2 knockout allele on inbred backgrounds. 
Hence, the mixed strain background probably provided more 
information than would congenic strains. 

The Tgfb3 knockout mice have a cleft palate (31). One 
colony of Tgfb3 knockout mice was left as a mixed back¬ 
ground (129 x CFl; 50:50) strain, whereas another colony 
was backcrossed several generations to the C57BIV6 strain. 
These two colonies had considerable expressivity differ¬ 
ences; the inbred colony had more severe clefting than did 
the mixed background colony. In the latter, expressivity of 
clefting varied widely from animal to animal. This variable 
expressivity within the mixed background colony provided 
us with the opportunity to obtain far more data on develop¬ 
ment of the cleft palate and was, therefore, more useful for 
making assumptions about the cellular and molecular 
mechanisms by which TGF03 supports palate fusion. Hence, 
using the Tgfb3 knockout mice, the mixed strain background 
provided more information than did the congenic strain. 
Consequently, a wider range of penetrance and expressivity 
of phenotype is a major advantage of investigating knockout 
phenotypes in mixed background colonies. Further, variable 
penetrance of phenotype in a mixed background colony sug¬ 
gests that there are modifier genes for each phenotype that 
could be obtained by linkage studies. 
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Conclusions 

Questions have feqen addressed that arose from the last 8 
years in which knockout mice have been investigated to ana¬ 
lyze gene function at the whole animal level. These questions 
concern gene redundancy, apparent lack of phenotype in a sur¬ 
prising number of knockout strains, and effects of genetic back¬ 
ground on knockout phenotype. Using data obtained 
principally from Tgfb and Fgf knockout mice, it is ai^gued that 
there is probably little redundancy in the genome (i.e., that few 
genes are dispensable for survival of the species). Apparent 
lack of phenotype more likely reflects our inability to ask the 
right questions, or our lack of tools to answer them, than it does 
a true lack of function. Finally, discussion of genetic back¬ 
ground phenotype variability, including variable penetrance 
and expressivity, was used to present some of the advantages of 
working with mixed genetic background colonies of knockout 
mice. For all the examples given here, there are counter ex¬ 
amples that must be taken seriously; consequently, these argu¬ 
ments must not be taken as absolutes. For example, if a gene in 
a particular mouse strain has recently been duplicated, it will 
most likely be redundant. If one is studying tissue rejection in 
a knockout mouse, the genetic background obviously must be 
well defined and preferably inbred. Or, if one wants to use the 
susceptibility of a particular mouse strain to cancer to investi¬ 
gate the function of the knockout gene in progression of that 
cancer, the knockout allele must* be put on that mouse -strain. 
In general, however, when setting up approaches for investigat¬ 
ing a new gene knockout mouse, I believe one would be well 
advised to assume that: there is little gene redundancy in 
mammals; there are knockout phenotypes even if none are im¬ 
mediately apparent; and investigating phenotypes in mixed 
genetic background colonies may not only reveal more pheno¬ 
types, but may lead to better understanding of the molecular or 
cellular mechanism underlying the phenotype, and may lead to 
modifier gene discovery. 
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Oust off Control? 

Curt D. Sigmund 

Abstract —Because the use of transgenic and gene-targeted models has increased in popularity, the number of reports 
describing unpredictable phenotypic effects caused by variation in the genetic background used to generate or propagate 
these models has steadily increased. There are now many examples in which animals containing the same exact genetic 
manipulation exhibit profoundly different phenotypes when present on diverse genetic backgrounds, demonstrating that 
genes unrelated, per se, to the ones beang targeted can play a significant role in the observed phenotype. Herein, I will 
discuss (1) the source of genetic variability in mutant mouse models, (2) the appropriateness of using inbred mice as 
controls, and (3) strategies to help minimize genetic variation between experimental and control mice. (Arterioscler 
Thromb Vase Biol. 2000;20:1425-1429.) 
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T t is well documented that many physiological 
JL mammals are genetically determined. Therefore, it should 
not come as a surprise that many of the phenotypes examined 
in transgenic and knockout models are influenced by the 
genetic background in which they are studied. Genetic 
background is the collection of all genes present in an 
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part of the same biochemical or signaling pathway or of an 
opposing pathway or may appear unrelated to the gene being 
studied. Although all mouse strains contain the same collec¬ 
tion of genes, it is allelic variation (sequence differences) and 
the interactions between allelic variants that influence a 
particular phenotype. These “epigenetic" effects can dramat¬ 
ically alter the observed phenotype and therefore can influ¬ 
ence or alter the conclusions drawn from experiments. 


Studies performed over the past few years have clearly 
illustrated that phenotypes caused by specific genetic modi¬ 
fications are strongly influenced by genes unlinked to the 
target locus. For example, whereas deletion of the p53 tumor 
suppressor gene causes a dramatic increase in the frequency 
of tumor formation in those mice compared with wild-type 
mice, the types of tumors formed, their numbers per animal, 
and age of tumor onset vary in different genetic back¬ 
grounds. 1 - 3 Other phenotypes observed in transgenic and 
gene-targeted animals influenced by genetic background 
include ethanol tolerance, sepsis, immunity, locomotor activ¬ 
ity, behavior, organ structure, development, and cardiovascu¬ 
lar physiology (Table). As examples of the latter, the inci¬ 
dence of stroke in mice deficient in tissue plasminogen 
activator and susceptibility to atherosclerosis in apoE- 


deficient mice differ when the knockout loci are present on 
C57BL/6, 129/Sv, or FVB/N backgrounds. 813 

On a positive note, phenotypic differences caused by allelic 
variation outside the target locus can provide a molecular 
genetic tool to identify and clone “modifier genes;*' which 
influence a phenotype. 17 However, as stated above, these 
diffcicuccs can cnunc significant-problems when interpreting 
and comparing the results of transgenic and knockout studies 
between laboratories. 


The Problem 

At the heart of the problem is genetic heterogeneity among 
strains used to generate transgenic and knockout mice. It is 
generally acknowledged that it is easier and more efficient to 
generate transgenic mice by using hybrid - strains derived from 
2 different genetic backgrounds. Presumably, this is because 
hybrid strains exhibit superior reproductive performance, are 
easier to superovulate, and have higher quality embryos for 
microinjection, a phenomenon referred to as “hybrid vig¬ 
or.’*Because of this, many transgenic laboratories use 
embryos derived from F 2 crosses of C57BL/6XSJL (B6SJL) 
or C57BL/6XDBA/2 (B6D2), among other combinations. 
When hybrid strains are used, each transgenic founder is 
genetically different from every other founder. This leaves 
the investigator with a choice of either continuing to breed 
their transgenic mice with hybrid strains to propagate the 
lines or, in cases in which genetic background issues are 
recognized and likely to be important, to generate congenic 
strains (defined below) by successive backcross breeding to 1 
inbred strain, typically C57BLV6, Less frequently used are 
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Phenotypes Exhibiting Genetic Background Effects In Knockout and Tirgts&salc Mice 


Phenotype 

Genetic Alteration 

Mouse Strains Tested 

References 

Tumor Incidence 

T antigen transgenic 

C57BL/5, C57BU6XC2W 

4 


p53 knockout 

129/Sv, C57BL/8X128/S* 

1.2" 


p53 knockout 

VM, C578L/6xl2ft/S* 

3 


WAP-ras transgenic 

FVB/N, SJU C57BUS. COI 

5 


Tsc2 knockout 

Black Swiss, 129/Sv&e 

6 

Ethanol tolerance 

PKC 7 knockout 

C57BL/6X 129/Sv, CS7BU5 

7 

Atherosclerosis 

ApoE knockout 

FVB/N, C57BI76 

8 

Sepsis 

IL-4 knockout 

129/Sv, C57BL/6 

9 

Locomotor activity 

D2R knockout 

129/SvEv XC57/BL6 

129/SvEv, C57BL/6 

10 


0APP knockout 

129/Sv, C57BL/6 

129SVXC57BL/6 

11 

Forebrain structure 

£APP knockout 

C57BL/B, 129/SvEv 

12 

Stroke 

tPA knockout 

C57BL/6X 129/Sv, C57BI/5 

13 

Renal development 

AT1AR knockout 

129/Sv, 0578176, 1S9VXC57BL/6 

14 


AGT knockout 

C57BL/6XC8A, CSTWS 

15 

Development and pleiotroplc 
effects 

EGFR knockout 

129/Sv, CD-I 

16 


PKC Indicates protein kinase C; IL, Interleukin; tPA. tissue plasminogen activator; and EGFR, epidermal growth 
factor receptor. 
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inbred FVB/N strain is used by some laboratories because it 
exhibits excellent reproductive performance* it has large 
litters, and the 1-cell fertilized embryos have prominent and 
easily injectable pronuclei. 19 One limitation is that it is 
genetically distinct from the C57BL/6 strain, which is used by 
many investigators. 

A second issue specifically related to transgenic mice (but 
not gene-targeted mice) is the position effect. Because of the 
random nature of the transgene insertion event after pro- 
nuclear injection, each resultant founder contains the trans¬ 
gene at a different site in the genome. These position effects 
can profoundly influence transgene expression and, therefore, 
the observed phenotype. 20 - 21 This occurs because transcrip¬ 
tional regulatory elements present at or near the site of 
insertion (controlling the expression of a nearby gene or gene 
cluster) could impart new instructions on the transgene. 
Consequently, it is essential that several independent lines of 
mice, derived from founders with different insertion sites, are 
examined before a conclusion relating a phenotype to a 
specific pattern of transgene expression is made. 

When performing gene targeting in embryonic stem (ES) 
cells, position effects are essentially eliminated but not the 
effects caused by genetic variability. As in the transgenic 
experiments, this results from the generation of hybrid 
strains. Most commonly used ES cell lines are derived from 
strain 129, and a number of 129 substrains are in existence 
(129/Sv, 129/SvEv, and 129/Ola), further complicating the 
scenario. As mentioned above, hybrid vigor has been reported 
for the viability of ES cell lines. 22 Although many (but not all) 
ES cell lines are themselves inbred, most investigators report 
that the 129 strain exhibits poorer reproductive performance 
than other inbred strains and also exhibits other abnormali¬ 
ties, including development of teratocarcinoma. This has 
prompted most investigators to breed their chimeras to 
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gous (-1-/-) at the target locus and an F, between C57Bli/ 
6X129 at all other toci. The F, mice are all genetically 
identical because they inherit 1 chromosomal complement 
each from the 129 and C57BL/6 strains. However, when they 
are intercrossed to generate a mouse homozygous (—/—) for 
the target locus, the resultant offspring become an F 2 of the 
parent strains. Therefore, whether wild-type, heterozygous, or 
homozygous for the target locus, the offspring have a random 
mix of 129 or C57BL/6 chromosomal DNA throughout the 
genome. The maintenance of a strain homozygous at the 
target locus by continuous inbreeding of these F 2 mice can 
eventually select for pkenotypic changes because loci causing 
deleterious effects are lost, and those providing a survival 
advantage are retained. Consequently, maintenance of the 
targeted locus in this manner is not recommended. Therefore, 
investigators are again left with the option to retain the mixed 
genetic background of the strains or to generate congcnic 
strains. 

Further complicating this problem has been the marked 
increase in the generation of double-knockout strains and the 
combinatorial use of knockout and transgenic rescue. In the 
latter, transgenes expressed either systemically or tissue- 
specifically are transferred into a knockout mouse to rescue 
some altered phenotype (often lethality). 23 Moreover, the 
development of inducible transgenes and methods using the 
cre-loxP recombinase system to generate cell-specific knock¬ 
outs will necessitate the introduction of multiple transgenes 
into a single genetic background. Clearly, it will become 
important to avoid the creation of a mixed genetic back¬ 
ground so complex as to preclude any reasonable use of 
controls and prevent replication by other investigators. 


Effective Experimental Strategies 
Clearly, when transgenic and gene-targeting experiments are 
designed, the ideal situation would have control mice that are 
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Figure 1. Generation of a congenic strain. A schematic repre¬ 
sentation of the chromosomal content tn the generation of a 
congenic straln-ls shown. The 129 chromosomes are red, and 
the C57Biy6 chromosomes are blue. A targeted modification 
induced in ES cells is shown as a solid block box. Onty 3 chro¬ 
mosomes are shown for simpQctty. The top left illustrates a het¬ 
erozygous knockout after germ-line transmission through a chi¬ 
mera. This mouse is heterozygous at the target locus, with an F, 
between 129 and C57B176 at all loci. To generate the congenic 


strain; ihe Ft is successively b&CkOiOSSud tu a CG7BL/6 uiOuw 


(ail biue), and the targeted locus is selected in alt offspring. The 
129 genome is progressively diluted in each backcross because 
of the random assortment of chromosomes and homologous 
recombination. After 6 generations of backcross breeding, the 
resultant offspring are >99% C57BL/6 except for the region sur¬ 
rounding the targeted modification, which remains derived from 


the 129 strain. 


genetically identical to the experimental mice. The use of 
isogenic strains differing only in the presence or absence of 
the target locus would be the “gold standard.” However, this 
can only be achieved if inbred mice are used for the 
generation of experimental models. Therefore, whenever 
possible, inbred strains should be used as the choice of 
controls becomes obvious. As discussed above, when this is 
not a practical or feasible option, the next best alternative is 
to develop a program of continuous inbreeding to a common 
strain, thus generating congenic mice. A congenic strain is 
one that is genetically identical to a control strain except for 
a single region of l chromosome (Figure 1). In the context of 
this discussion, this refers either to the target locus or the 
inserted transgene. The generation of congenic strains also 
provides an opportunity to place the target locus on a number 
of different genetic backgrounds and thus directly lest for 
strain-specific modifier loci. 

Although the generation of congenic mice is simple, 
requiring only accurate record keeping, it can be time- 
consuming and expensive, especially when multiple lines 
must be developed. Six generations of backcross breeding (2 
years) is required before the genetic backgrounds are statis¬ 
tically >99% homogeneous, and the return on additional 
generations of backcross breeding markedly diminishes 
thereafter. For example, it requires 4 additional generations to 
increase genetic homogeneity from 99.2% to 99.95%. The 
use of a speed-congenic approach or a combination of in vitro 



Figure 2. Comparison between experimental and control 
strains. A schematic diagram of the chromosomal content 
between experimental (A) and control 6trains (B and C) is 
shown. The experimental mouse is homozygous for the targeted 
disruption (solid black box) and Is a C57BL/6 (blue) congenic 
strain. A small amount of 129 genomic DNA (red) upstream and 
downstream from the target locus remains. A C57BL/6 inbred 
mouse (B) Is blue at all loci, and although It lacks the targeted 
modification, It also lacks the 129 DNA linked to the disruption. 
The ideal control (C) would be a C57BL/6 congenic strain with a 
similar extent of 129 DNA as shown in panel A 

fertilization and prepubertal superovulation can be used to 
decrease the time needed to generate congenic strains. 2423 
The speed-congenic approach makes use of the well- 
developed genetic map of the mouse, thus affording an 
opportunity to screen the DNA of each offspring generated 
along the route toward congenic production to select for mice 
containing markers from the appropriate genetic background 
at the target locus and elsewhere. 26 * 27 Those mice that are 
“further” along in congenic development than expected, on 
the basis of random segregation alone, can be selected by this 
process for further breeding. 

After a C57BL/6 congenic knockout strain is derived, 
cither ftOiiuanSgcmC UuennatcS or agc-iuatCiiCU inured 
C57BL/6 mice should serve as reasonable controls. However, 
it is important for the researcher to appreciate that even this 
scenario has weaknesses. Indeed, l limitation of using litter- • 
mate or wild- type mice as controls for congenic transgenic 
(or knockout) strains is that some parental genomic DNA 
upstream and downstream from the target locus (129 DNA in 
the case of ES cell-derived gene targeting) remains. By use 
of the same example as described above, this occurs because 
as the targeted modification (made in 129 genomic DNA) is 
introgressed into the C57BL/6 strain, the targeted locus and 
therefore 129 DNA in the vicinity of (or Linked to) the locus 
will be selected in each backcross generation (Figure 2A). 
The location of the breakpoint between C57BLV6 and 129 
genomic DNA upstream and downstream from the target 
locus will depend on where the recombination between the 2 
genomes occurred. Therefore, nontransgenic littermates and 
wild-type C57BL6 mice will lack the targeted locus and also 
the closely linked 129 genomic DNA (Figure 2B). In some 
cases, this DNA may contain closely linked modifier genes. 
This may be especially critical when examining large gene 
families, which may have members closely clustered in the 
genome. 

Therefore, the optimal control would be a congenic control 
strain containing a similar amount of foreign genomic infor¬ 
mation around the target locus but lacking the targeted 
modification itself (Figure 2C). Absolutely identical congenic 
strains cannot be generated. However, similarities between 
control and experimental strains can be maximized by taking 
advantage of the dense genetic map of the mouse and the 
thousands of polymorphic microsatellite markers distributed 
throughout the mouse genome. 28 For example, control mice 
can be selected that contain C57BU6-specific markers 
throughout the genome except in the region of the target 
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Locus, where 129-specific markers would be selected. These 
mice can ihen be propagated to generate a control congenic 
strain that is similar to the experimental mouse but lacks the 
targeted ES cell-induced modification. 

Of course, we must recognize that from a practical 
standpoint, circumstances will often dictate assessing the 
phenotype of a knockout mouse long before a congenic 
strain can be generated. If these mice were derived from 
129 ES cells and the chimera was bred to C57BL/6, it is 
predictable that each mouse, while containing the same 
targeted modification of the genome, will be genetically 
different at all other loci because of random segregation 
and recombination in the F 2 generation. In this case, it 
would be inappropriate to use either inbred C57BL/6 or 
129 mice solely as controls. Instead, wild-type or heterozy¬ 
gous littermates from the same breedings should be in¬ 
cluded as well. The use of littermates would help minimize 
environmental variability in such experiments. Moreover, 
larger numbers of mice should be examined to ensure that 
the range of phenotypes possible due to epigenetic inter¬ 


actions with the genetic background is observed. Although 


not genetically identical, when examined as a population, 
the experimental and control groups could be considered 
“genetically similar.'’ Once the phenotypes are assessed, it 
would be prudent to generate congenic strains and reex¬ 
amine the phenotype in the resultant animals. 


Guidelines 

Until such time as a standardized mouse strain exists that 
facilitates easy generation of transgenic and knockout 
mice, the debate over the proper use of experimental and 
control mice will continue. There are no easy solutions to 
this problem. As illustrated above, in the absence of inbred 
strains, there is no optimal set of experimental and control 
conditions that normalizes the epigenetic effects of un¬ 
linked loci. Therefore, it becomes the responsibility of the 
investigator to use common sense and design the best 
possible control experiments that fit the individual situa¬ 
tion, to assess whether the phenotype observed in their 
model is due specifically to the targeted modification or is 
affected by other loci, and to inform the scientific com¬ 
munity if phenotypic alterations become evident. The 
geneticists at the Banbury Conference on Genetic Back¬ 
ground in Mice 29 in 1996 established 3 general guiding 
principals for the use of transgenic and gene targeted mice 
in neuroscience. These principals should be applicable to 
all disciplines, and the reader is referred to that article for 
a detailed discussion of options for designing such exper¬ 
iments. 29 Their guidelines state the following: (1) Pub¬ 
lished reports must include a detailed description of the 
genetic background of the mice studied that is sufficient 
enough to allow replication of the study. (2) The genetic 
background chosen for the studies should not be so 
complex as to preclude replication. (3) Use of common or 
standardized genetic background would facilitate compar¬ 
ison of experimental results among laboratories. 

Minimally, these guidelines provide a common-sense ap¬ 
proach that provides the reader with sufficient information to 
understand and potentially replicate reported results and also 
provide a framework to identify the causes of phenotypic 
variation observed in different laboratories. It makes common 


sense to recommend that these guidelines be adopted by all 
researchers using genetically modified mice as models of 
cardiovascular disease until such time as standardized strains 
are used universally. 
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Transgenic Livestock: Progress and Prospects for the Future 

R.J. Wall 

Gene Evaluation and Mapping Laboratory, Agricultural Research Service, USD A, 

Beltsville, Maryland, 20705 USA 


Abstract 


The notion of directly introducing new genes or otherwise directly manipulating the 
genotype of an animal is conceptually straightforward and appealing because of the 
speed and precision with which phenotypic changes could be made. Thus, it is of 
little wonder that the imagination of many an animal scientist has been captivated 
by the success others have achieved by introducing foreign genes into mice. The 
private sector has embraced transgenic livestock technology resulting in the 
formation of two new industries. However, before transgenic farm animals become 
a common component of the livestock production industry, a number of formidable 
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INTRODUCTION 

The definition of transgenic animals is evolving. For the purpose of this paper 
a transgenic animal is one containing recombinant DNA molecules in its genome 
that were introduced by intentional human intervention. In this review I will focus 
on animals in which transgenes were introduced into preimplantation embryos by 
pronuclear microinjection, with the intended consequence of producing germline 
transgenics as opposed to somatic cell transgenics. Though there are other means of 
introducing genes into preimplantation embryos (20,29), pronuclear microinjection, 
basically as originally described by Jon Gordon (25), and as modified for livestock in 
our laboratory (65), is still the predominant method employed. 
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Why make Transgenic animals? 


A Medline search reveals that over 6,000 scientific articles have been 
published in which transgenic animals (mostly mice) were used to answer basic 
research questions. By contrast 289 papers dealt with transgenic livestock, of which 
24% were reviews. The limited publication record for transgenic livestock species 
reflects the high costs and technical difficulties associated with producing 
transgenic livestock more than lack of applicability of this technology to farm 
animals. A number of well defined goals have been enumerated in the numerous 
review articles written by animal scientists. Not surprisingly, many of the proposed 
applications closely parallel the long term objectives of animal agriculture. 


In theory, transgenic technology provides a mechanism by which 
economically important traits can be attained more rapidly than by selective 
breeding without concern of propagating associated, possibly undesirable, genetic 
characteristics. If genetic precision and speed of improvement were the only 
advantages of transgenic technology, use of that methodology might be difficult to 
justify. That is because current cost of producing transgenic animals are high and 
understanding of the appropriate genetic manipulations required to influence 
economically important traits is limited. However, transgenic technology offers 
much more. Genes can be transferred across species boundaries and can be modified 


to function very differently than they do in their native form (gene products, tissue 


specificity, and timing of expression can be altered). The ability to redirect 
expression of genes to another organ has spawned the transgenic bioreactor 
industry. For the most part, transgenic bioreactors are farm animals designed to 
produce new proteins in their milk or other body fluids. It is envisioned that this 
approach will have application in both food production and the biomedical arena. 
Modifying the composition of milk through genetic engineering is the topic of Dr. 
Bremel’s paper in these proceedings and will not be dealt with here. 


Transgenic Livestock Projects 


For the sake of brevity, only a very brief summary of the 37 gene constructs 
that have been tested in livestock will be reported here. The reader is referred to 
two excellent reviews that list those constructs and their consequences (16,53). 

The Transgene. 

The power of transgenic technology is derived from the introduction of 
genetic information with new functionality. The strategy for building a transgene 
(fusion gene) involves selecting a genetic regulatory element (often called 
promoters, but usually containing both an enhancer element and a promoter) that 
will determine the tissue in which the gene is to be expressed and the time and 
magnitude of expression. In some cases, the regulatory element can act as a switch, 
allowing the transgene to be turned on and off at will. The second part of the gene 
construct consists of DNA sequence encoding the desired protein (often referred to 
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as the structural component of the transgene). For example, in the first transgenic 
livestock experiment (28) we wanted to increase the levels of circulating growth 
hormone in a controlled manner. The gene construct used to accomplish this 
consisted of the regulatory element of a metallothionein (MT) gene fused to the 
coding sequence for growth hormone (GH). Metallothionein is an inducible liver 
enzyme, and its gene is usually quiescent (turned off) until a threshold level of 
circulating zinc or cadmium triggers transcription. Therefore, it was expected that 
the MT-GH fusion gene would be silent until the animals were fed zinc. In those 
experiments GH expression could be inducted but, in most cases, the transgene 
could not be turned off completely. New more complex inducible approaches are now 
being tested (23,26). These new systems rely on tetracycline or its analogs to 
activate or repress transgene expression. It is too early to know if these strategies, 
in their current form, will be more tightly regulated then the MT system. However, 
if they are not, the general paradigm on which the new systems are based will 
probably lead to unproved inducible systems. 


Applied Transgenic Projects. 

The vast majority of original research reports have focused on growth 
enhancement. Growth hormone (GH) was the structural gene employed in 13 of 
those publications and the gene for growth hormone releasing factor in four. Other 
t 
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regulatory elements derived from MT genes, from various species, were most 
frequently used, appearing in nine of the growth-related fusion genes. Long 
terminal repeats (LTR) from two retroviruses, MLV and RSV, and sequence from 
CMV, a DNA virus, served as regulatory components of transgenes, as have the 
promoters from albumin, prolactin, skeletal actin, transferrin and 
phosphoenolpyruvate carboxykinase (PEPCK) genes. All but two of 21 growth 
constructs were tested in pigs and the most striking phenotypes resulted from the 
use of MT-GH fusion genes (53). 


S'. 


Seven transgenes designed to enhance disease resistance and to produce 
immunologically-related molecules have been introduced into pigs and sheep 
(5,13,41,67). Though desirable expression patterns have been reported in several of 
the projects, none of the studies has progressed to the point of demonstrating a 
beneficial effect of transgene products. 

Very recently it has been reported that transgenic sheep with enhanced wool 
production characteristics have been produced (9). The results are quite promising; 
if no unforeseen anomalies occur, transgenically produced wool maybe the first 
marketed livestock product. 


Biomedical Transgenic Projects. 

Other proposed transgenic farm animal applications are decidedly non- 
agricultural in nature. One of the first transgenic animal companies demonstrated 
the feasibility of producing new animal products by manufacturing human 
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hemoglobin in pigs, to serve as a principal component of a human blood substitute 
(69). Human antibodies have also been produced in transgenic mice (62). Another 
area where transgenic animals, especially pigs, will have a significant impact on 
society will be in the development of human genetic disease models. To date, genetic 
disease models have been generated in mice for atherosclerosis (6), sickle cell 
anemia (18), Alzheimer’s disease (21), autoimmune diseases (44), lymphopoiesis 
(33), dermititis (55), and prostate cancer (61). These models for the most part 
require “knocking out” the function of a gene or replacing an existing gene with a 
mutant form. Many of these models will have to be replicated in farm animals to be 
useful. Unfortunately, the stem cell technology required to generate most of the 
disease models is still in development for livestock (51). 


Finally, a new use not reported in the above mentioned reviews deserves 
note. The objective of this new endeavor is to genetically engineer animals, 
primarily pigs, so that their organs can be used as xenografts for humans. 
Preliminary studies to test the concept have been performed in mice (40,42) and 
transgenic pigs have now been produced (13,54). Though several strategies are 
being explored, the general approach has been to block activation of complement, 
which is normally part of the acute transplantation rejection response. These 
organs are intended for temporary use, until an appropriate human organ becomes 
available. However, as .the technology develops, a driving force will be the design of 
transgenic organs for extended use or permanent transplantation. 


Characteristics of transgenic animals 


Transgenic livestock projects are costly, primarily because the process is 
inefficient. Production costs range from $25,000 for a single founder pig to over 
$500,000 for a single functional founder calf (64). The calculation for cattle was 
based on obtaining zygotes by superovulation of embryo donors, the normal practice 
for all mammalian species. However, the costs are reduced by as much as a third if 
oocytes derived from ovaries collected at slaughter are the starting material. The 
remainder of this review will be devoted to characterizing the transgenic animal 
model, to identify points in the process that reduce efficiency, and finally discussing 
possible approaches that have been proposed to overcome major hurdles to progress. 

Transgene Integration. 

Even though several hundred copies of a transgene are microinjected, any 
transgene that becomes incorporated into the genome generally does so at a single 
location. Exceptions are rare (58). Thus, transgenic founder animals are hemizygous 
for transgenes. It is also common for a transgene locus to contain multiple copies of 
the transgene, arranged in a head*to-tail array. These two characteristics of 
transgene loci should provide clues to the mechanism by which transgenes 
integrate. So far, few researchers have formulated compelling hypotheses to explain 
the event (2,47) and the hypotheses that have been proposed remain untested. 
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Without knowledge of the molecular mechanism it is going to be extremely difficult 
to devise approaches to make transgene integration more efficient. 

Transgene integration efficiency is low and ranges from about 1% in farm 
animals (cattle, sheep and pigs) to about 3% in laboratory animals (mice, rabbits 
and rats, Table 1). 


Table 1. Examples of embryo survival and transgene integration efficiencies from 
several laboratories. 

Transgenic animals produced 


Injected & Per embryo 

transferred Per injected & 


Species 

embryos 

(No.) 

Studies 8 

JNo.) 

Offspring 1 * 

(No.) 

Offspring 

c/») .. 

transferred 

(%) 

Refs. 

Mice 

12,314 

18 

1847 

17.3 

2.6 

(63) 

Rabbits 

1,907 

1 

218 

12.8 

1.5 

(28) 

Rat 

1,403 

5 

353 

17.6 

4.4 

(45) 

Cattle c 

1,018 

7 

193 

3.6 

0.7 

(30) 

Pi ps 

* 

19.397 

‘ " t " " 

20 

1920 

9,2 

0.9 

(53) 

Sheep 

5,424 

10 

556 

8.3 

0.9 

(53) 


* Number of experiments, which in most cases was equivalent to number of different gene constructs 
tested. 

h The value for cattle includes both fetuses and live born calves. 

c Eleven thousand two hundred and six eggs were microinjected and cultured. One thousand and 
eighteen developed to morula or blastocysts and were transferred into recipient cows. 


Transgene Expression. 

Even after the one in 33 to one in 150 injected and transferred eggs results in 
a transgenic animal the efficiency of the process is further diminished by failure of 
the transgene to be transcribed. Transgenes are expressed (transcribed) in only 
about half of transgenic lines, though some specific transgenes are expressed in a 
higher proportions (15,27). If a founder expresses its transgene, so do its transgenic 
offspring. It is not clear why some transgenes are expressed in all lines and others 
in only half the lines. Transgenes are sometimes activated in unintended tissues 
(ectopic expression), and timing of expression can be shifted relative ’to 
development. Our lack of understanding of essential genetic control elements makes 
it difficult to design transgenes with predictable behavior. The abbarent expression 
patterns (no expression or wrong expression) seen in some linese of transgenic 
animals has been attributed to the so-called “position effect." If a transgene lands 
near highly active genes, the transgene’s behavior maybe influenced by endogenous 
genes. Other transgenes may locate in transcriptionally inactive (heterochromatin) 
regions. The transgene may function normally or be completely silenced by the 
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heterochromatin. It is likely that both of these factors (position effect and 
unidentified control elements) contribute to lack of transgene expression in some 
lines and variable expression in other lines. Some of these problems will be obviated 
by use of “boundary” DNA sequences that block the influence of surrounding genes 
(34,43). Refining transgenic technology for farm animals will remain a challenging 
task in part because experimentation will often have to be conducted in the species 
of interest. That is because transgene expression and the physiological 
consequences of transgene products in livestock are not always accurately predicted 
in transgenic mouse studies (28,48). 


Transgene transmission. 

Because founder animals are usually single integrant hemizygous for the 
transgene, one would expect 50% of their offspring to inherit a copy of the transgene 
locus. This is true for about 70% of transgenic founder mice (49). The remaining 
founders either do not transmit transgenes to their offspring or transmit transgenes 
at a low frequency (52,53). It is commonly thought that the non*Mendelian 
inheritance is the result of transgene mocasicism in germ cells. This could be caused 
by late integration of transgenes during embryonic development (66). It has been 
proposed that non-Mendelian inheritance patterns can also be caused by diminished 
fertilizing ability of transgene bearing sperm (17). The latter explanation may be a 
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Potential solutions for improving efficiency 


Testing Transgenes. 

Because the “rules” for transgene design are still vague, it is important to 
have a reliable system for testing gene constructs. The most cost effective method of 
characterizing the performance of a transgene is cell culture transfection studies. 
Unfortunately, such studies have a low predictive value (50). The next most cost 
effective method for testing gene constructs is production of transgenic mice, which 
as mentioned above do not faithfully predict a transgene’s performance in livestock 
species. Nevertheless, a reasonable amount of useful information about transgene 
function can be derived from transgenic mouse studies. Currently, the only 
approach that yields truly informative data is testing transgenes in the livestock 
species of interest. This is obviously an unsatisfactory, time consuming, expensive 
testing option. One alternative approach that we are exploring is based on the fact 
that transgenes will function after being “shot” into somatic tissue. We have been 
focusing our efforts on the mammary gland, but almost any target organ should be 
amenable to this approach. We have recently demonstrated that both RNA and 
protein can be detected following introduction of transgenes into sheep mammary 
tissue, in situ (22,37). Once we confirm that “gene-gunned” transgenes function as 
they do in transgenic animals, this approach should dramatically reduce the costs 
and time of evaluating gene constructs. 
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Improving Integration Frequency 

w - From Table 1 it is clear that integration rates are lower for livestock species 
than for laboratory animals. Eggs of livestock species are more difficult to 
microinject than eggs of laboratory animals. However, competent microinjectors can 
reliably inflate pronuclei with DNA-containing solutions. Furthermore, integration 
problem occurs after the transgene is deposited. But timing of microinjection may 
contribute to differences in integration efficiency. It is thought that transgene 
integration occurs during DNA replication (2), so it would be advantageous to 
microinject before or during early S-phase preceding the first mitotic division. For 
the most part that is when laboratory animal eggs are microinjected, but 
microinjections are apparently performed during late S-phase or later in livestock 
species (for a full discussion see (63)). Efforts to inject in vitro fertilized bovine 
zygotes early have failed because of difficulties in visualizing pronuclei (K. Bondioli, 
personal communication and unpublished data). Efforts to synchronize 
microinjection and S-phase in bovine zygotes have thus far not been fruitful (24). 


One way to insure that the transgene is in place before the first mitotic S- 
phase is to introduce the transgene at fertilization. That could be achieved by 
sperm-mediated gene transfer (4,38). Notwithstanding the controversy this . 
approach has generated (8), it clearly represents an intriguing method that shows " 
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can bind transgenes (11,32,39,68) and carry the genes into oocytes where in some ; 
cases the gene persists (4,12,31). However, it appears that in almost all cases, the/ 
transgene DNA becomes rearranged or otherwise mutated by the process (Corrado 
Spadafora, personal communication). Another potential sperm-based delivery 
approach has been foretold by a pioneering study conducted by Ralph Brinster (7). 
In that study, transplanted spermatogonial cells generated sperm capable of ; 
fertilizing oocytes and offspring were produced. If a means is found to culture, ?• 
transfect and select spermatagonia with transgenes, Brinster’s transplantation?: 
scheme could be used to produce transgenic animals. Others have proposed directly 
transfecting testes as a means of transforming sperm (56). 


Retroviral-mediated gene transfer is also a potentially alternative approach 
for introducing transgenes into embry os with high efficiency (29,36). Though the 
technique solves the low integration frequency problem, it creates other 
inefficiencies by generating mosaic founders that may not transmit their transgene. 
Furthermore, retroviruses can carry only a limited amount of exogenous DNA and 
therefore the technique limits the size of transgenes. If cDNA based transgenes, 
which are relatively short, were efficiently expressed, the transgene size restriction 
would not be a significant problem. However, many cDNA based gene constructs are 
poorly expressed in transgenic animals (66). 



64 


Theriogenology 


Selection of transgenic embryos. 

With no obvious or immediate solution for improving integration frequency, 
what else can be done to increase efficiency of producing transgenic livestock? One 
of the most widely discussed approaches is selection of transgenic embryos before 
they are transferred to recipients (1,14,35,46). If transgenic preimplantation 
embryos can be identified by analyzing embryo biopsies with the polymerase chain 
reaction (PCR), the number of recipients required could be greatly reduced. For 
example in Dr. Bondioli’s study ((30), Table 1), 1,018 bovine embryos were 
transferred into over 1000 cows resulting in seven transgenic calves and fetuses. If 
embryo selection had been possible, fewer than 20 recipients would have been 
required. Unfortunately, mounting evidence suggests that this approach will not 
work. In two very similar studies (10,14) microinjected mouse embryos were 
cultured to the 8-cell stage, and blastomeres were isolated and analyzed for the 
transgene by PCR. In our study (10) none of the 8-cell embryos had transgenes in 
more than 4 blastomeres. We speculate that immediately upon microinjection, 
transgene copies join to form multi-copy circular arrays. One of these arrays may 
eventually become integrated, while the non-integrated arrays segregate as 
daughter blastomeres are formed. If integration occurs after the one-cell stage, 
some blastomeres may not contain an array, even though the embryo is transgenic. 
The converse is also possible (all blastomeres acquire arrays but none integrate). 
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Another scheme for selecting transgenic embryos before transfer is based on 
expression of a selectable marker-containing transgene. The preliminary results 
from two recent studies (3,60) appear to be promising. In both studies, transgenes 
containing a neomycin resistance gene (neo) were microinjected into pronuclei of 
mice (60) or bovine (3) embryos. The embryos were then cultured in the presence of 
G418, a neomycin analog, in the hope of killing embryos that did not express the 
neo gene. Because this approach is based on gene expression and because 
transgenes can be expressed without being integrated, embryos containing 
unintegrated copies of the transgene could survive the selection process. However, 
since G418 interferes with protein synthesis, the blastomeres that expressed the 
neo gene would have a developmental advantage over those that did not. Therefore, 
the blastomeres expressing the neo gene might divide more rapidly and have a 
higher probability of participating in the formation of the inner cell mass (66). 
Further studies will have to be conducted to determine if this scheme has merit. 

In The Future 

The tools for gene transfer are in hand, albeit the process is inefficient. Over 
the next decade, bioreactor and xenograft industries will mature and useful new 
products will be marketed. The value of possible products will drive the technology 
as funding for basic research from conventional sources becomes increasingly 
limited. Researchers will need to develop a better understanding of how 
mammalian genes are controlled, and identify key genes in regulatory pathways of 
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phenotypic characteristics that are to be altered to bring the fruits of this 
technology to animal agriculture. There is a serious need to transfer transgenic 
animal technology from a few practitioners to many more laboratories worldwide. 
Progress in the field will be limited as long as the capabilities to explore this 
potentially powerful tool is only in the hands of a few. To entice other scientists, 
the efficiency of producing transgenic farm animals will have to be improved. But 
the horizon looks bright. Many recently trained animal scientists are now equipped 
with the knowledge and technical skills needed to advance this technology. 
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